It has been speculated that hepatitis C virus (HCV) replicates in peripheral-blood mononuclear cells (PBMCs), which, therefore, may be a site for interaction with human immunodeficiency virus (HIV). We used strandspecific real-time polymerase chain reaction to detect HCV RNA in 28 HCV-monoinfected and 20 HIV/HCVcoinfected women. At the first visit, positive-strand HCV RNA was detected in serum samples from 89% of the women, whereas positive-strand HCV RNA was detected in PBMC samples from 32% and 55% of the HCVmonoinfected and HIV/HCV-coinfected women, respectively. After initiation of antiretroviral therapy, the HIV/ HCV-coinfected women were significantly more likely to have detectable positive-and negative-strand HCV RNA in the PBMC compartment than were the HCV-monoinfected women. HIV and HCV RNA levels were not correlated. Serum HCV RNA levels were correlated over time; HCV RNA levels in the serum and PBMC compartments were not. These data suggest differential regulation of HCV RNA in the serum and PBMC compartments and may partially explain the limited HCV antiviral response rates observed in coinfected persons.
Hepatitis C virus (HCV) is a positive-strand RNA virus that infects 1170 million people worldwide. Because of the inability to infect small animals with HCV and the lack of efficient cell-culture models, much of the current understanding of the HCV life cycle has been inferred from studies that use samples from infected humans. Although hepatocytes are the major site of infection, there is a broad clinical spectrum of disease and extrahepatic complications, including cryoglobulinemia, nonHodgkin lymphoma, and porphyria cutanea tarda [1] .
Some studies have reported evidence for extrahepatic replication of HCV in peripheral-blood mononuclear cells (PBMCs); however, these studies have typically involved a small number of patients and have often yielded contradictory results [2] [3] [4] [5] [6] [7] . Other studies have reported evidence for HCV replication in granulocytes, monocytes/macrophages, dendritic cells, and B lymphocytes, as well as in extrahepatic tissues [8] [9] [10] [11] [12] [13] [14] [15] [16] . Because certain amplification methods lack strand specificity, which may influence the reliable detection of replication intermediates (i.e., negative-strand HCV RNA), it has been challenging to definitively demonstrate extrahepatic HCV replication. Recently, modification of the real-time polymerase chain reaction (rtPCR) assay to include the Tth enzyme, which has high strand specificity and independent reverse-transcriptase and DNA-dependent polymerase activity, has been used to detect negative-strand HCV RNA in the liver and/or PBMC compartment [7, 9, [17] [18] [19] .
In the United States, 150,000-300,000 people are coinfected with HCV and HIV [20] . Multiple studies have demonstrated the adverse effects of HIV coinfec-tion on liver fibrosis, HCV RNA levels, HCV disease progression [21] , and treatment response rates [22] [23] [24] . The mechanisms by which these 2 viruses interact remain unclear, because no direct virus-virus interactions have been demonstrated to date. However, recent in vitro data suggest that HCV and HIV proteins cooperatively induce hepatic apoptotic pathways [25, 26] and secretion of proinflammatory cytokines [27] without requiring cell infection and viral replication. Thus, it is reasonable to speculate that similar signaling cascades in PBMCs may also permit indirect interactions between HCV and HIV.
We have previously investigated serum HCV diversity in HIV/HCV-coinfected persons initiating antiretroviral therapy (ART) for HIV infection [28] . We found significant evolution of the hypervariable region 1, but not the adjacent envelope 1 region, after ART initiation. However, few studies have addressed the effects of ART on HCV in HIV/HCV-coinfected persons in compartments other than serum. The demonstration of extrahepatic HCV replication in the PBMC compartment would have important implications for transmission of the virus and efficient treatment of HCV infection. Nonetheless, previous studies have not assessed this phenomenon in HIV/HCVcoinfected persons in a longitudinal manner, nor have they addressed it in coinfected persons initiating ART [15, 29, 30] . Therefore, we sought to investigate whether HCV replication could be detected in the serum and PBMC compartments of persons coinfected with HIV and HCV and to assess the effect of ART on extrahepatic HCV replication.
PARTICIPANTS, MATERIALS, AND METHODS

Study population.
From April 1993 to February 1995, the HIV Epidemiology Research (HER) Study, a prospective natural-history study of HIV infection, enrolled 871 HIV-infected women and 439 demographically matched HIV-uninfected women [31] . The women participated in clinic visits at 6-month intervals through 1999. By study design, one-half of the women reported injection drug use (IDU), and the other half reported only sexual risk behavior.
As described elsewhere, HCV serostatus was determined by either Abbott HCV EIA (version 2.0) or Ortho HCV ELISA (version 3.0) [32] . Overall, the seroprevalence of HCV was 56.5%, with rates of 48.0% and 60.8% in HIV-uninfected and HIVinfected women, respectively. Of the women who acknowledged prior IDU, 88.3% were HCV seropositive; of these women, 76.9% had detectable HCV RNA [33] . Because the HER Study cohort was formed before the widespread use of combination therapy, only 30% were receiving ART at the beginning of the study. By 1999, 31.3% were still not receiving any ART [34] .
HER Study participants were included in the present study if they (1) were HCV seropositive, regardless of their HIV status; (2) had serum and PBMC samples available from at least 2 consecutive study visits conducted at the Providence, RI, site; and (3) were not receiving ART at the beginning of the study (for the HIV-infected women). For the HIV-infected women, study visits corresponded to the visit immediately before ART initiation (denoted "visit A") and the visit immediately after ART initiation (denoted "visit B"). The median intervals between visits were 5.8 months and 6.6 months for the HCVmonoinfected and HIV/HCV-coinfected women, respectively. The drug regimens initiated by the HIV-infected women were as follows: у2 nucleoside reverse-transcriptase inhibitors (NRTIs) ( ); у1 NRTI plus у1 protease inhibitor (PI) ( ); n p 4 n p 11 у2 NRTIs plus 1 nonnucleoside reverse-transcriptase inhibitor (NNRTI) ( ); and 2 NRTIs plus 1 NNRTI plus 2 PIs (n n p 4 p 1). One HIV/HCV-coinfected woman was missing serum samples at both visits, and 3 HIV/HCV-coinfected women were missing PBMC samples at visit B.
Cellular RNA extraction and strand-specific Tth rtPCR. RNA was extracted from serum samples by use of the QIAamp Viral RNA Kit (Qiagen). For PBMC samples, the number of cells available was limited. Because the number of cells varied per sample (range, cells/mL), we normalized all 6 1.4-7.6 ϫ 10 quantitative HCV RNA data on the PBMC compartment to the copy number of a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Five hundred microliters of a PBMC suspension was washed with diethopyrocarbonate (DEPC)-treated dH 2 O, and cellular RNA was extracted by use of TRIzol (Invitrogen). The resultant RNA was resuspended in 40 mL of DEPC-treated dH 2 O and treated 2 times with DNase I (Ambion). Positive-and negative-strand HCV cDNAs were quantified by a validated strand-specific rtPCR assay using SYBR green dye I, as described elsewhere [17, 19] . Extracted RNA was heated at 95ЊC for 1 min and then incubated at 70ЊC. A mixture containing 10 pmol/mL HCV-1 antisense primer (5 -TGGATGCACGGTCTACGAGACCTC-3 ; nt 342-320, according to the numbering of H77 [35] ; GenBank accession number AF009606) for HCV positive-strand synthesis or HCV-2 sense primer (5 -CACTCCCCTGTGAGGAACT-3 ; nt 38-56) for HCV negative-strand synthesis, 1ϫ reverse-transcriptase buffer, 1 mmol/L MnCl 2 , 200 mmol/L each deoxynucleoside triphosphate, and 5 U of Tth enzyme (Applied Biosystems) was added. The cDNA reaction consisted of an annealing step for 2 min at 60ЊC, followed by an extension step for 20 min at 70ЊC. To inactivate the reverse-transcriptase activity of the Tth enzyme, chelating buffer was added after cDNA synthesis. cDNA was purified by use of the High Pure PCR Template Preparation Kit (Roche Diagnostics).
Positive-and negative-strand HCV PCR amplification was performed with 2 mL of purified cDNA in a mixture containing LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics), 4 mmol/L MgCl 2 , and 5 pmol/L each antisense primer KY78 (5 -CTCGCAAGCACCCTATCAGGCAGT-3 ; nt 311-288) and sense primer KY80 (5 -GCAGAAAGCGTCTAGCCA- TGGCGT-3 ; nt 68-91). The PCR consisted of an initial denaturation step for 10 min at 95ЊC, then 40 cycles under the following conditions: 15 s at 95ЊC, 5 s at 70ЊC, and 15 s at 72ЊC. For generation of GAPDH mRNA, cDNA synthesis was performed with an oligo d(T) primer under standard conditions. For PCR amplification, we used a commercial GAPDH primer set (Roche Search LC), with the conditions recommended by the manufacturer.
For each PBMC sample, we determined the positive-and negative-strand HCV RNA copy numbers and normalized them to the GAPDH copy number, to provide standardized values (i.e., positive-strand HCV RNA copies and negative-strand HCV RNA copies per molecule of GAPDH). Serum HCV quantities were expressed as HCV RNA copies per microliter (extracted from 140 mL of serum). Previous studies have reported very low rates of negative-strand HCV RNA detection in serum [11, 14, 15] ; thus, we did not systematically measure negativestrand HCV RNA in this compartment. To avoid potential cross-contamination, samples for each time point and each compartment from an individual were handled separately. Additionally, all rtPCR amplifications included a negative control that contained no template.
Statistical analyses. Demographic and clinical data were compared by Fisher's exact test for categorical variables and either Student's t test or the Wilcoxon rank sum test for continuous variables. The Wilcoxon rank sum test was used to compare HCV RNA levels between the HCV-monoinfected and HIV/HCV-coinfected women; values for undetectable levels were set at 0 for serum samples (log 10 transformed) and at 0.01 for PBMC samples (untransformed). Spearman's correlation test was used to investigate the linear relationships between CD4 cell count, plasma HIV RNA level, and serum and PBMC HCV RNA levels. All P values reported are 2-sided; was P ! .05 considered to be statistically significant. No adjustments were made for multiple comparisons. All analyses were performed by use of SAS software (version 9; SAS Institute).
RESULTS
Study cohort characteristics.
Twenty-eight HCV-monoinfected and 20 HIV/HCV-coinfected women from the HER Study cohort were selected for the present study. These 2 groups of women did not differ with respect to the reporting of IDU as the main risk factor for HCV acquisition, age at enrollment, or HCV genotype; however, HIV/HCV-coinfected women were more likely to be black (table 1) . None of the women reported receiving HCV treatment during the visits included in the present study. Mean CD4 cell counts were lower in the HIV/HCV- . After ART initiation (be-P ! .0001 tween visits A and B), median plasma HIV RNA levels decreased, from 4.1 to 2.1 log 10 copies/mL, in the HIV/HCVcoinfected women ( ), whereas mean CD4 cell counts P p .0002 increased, from 285 to 376 cells/mL ( ), in these women. P p .4 Strand-specific HCV RNA detection rates. At visit A, positive-strand HCV RNA was detected, by a strand-specific rtPCR assay, in serum from 42 (89%) of 47 women, including 23 (82%) of 28 HCV-monoinfected women and 19 (100%) of 19 HIV/ HCV-coinfected women (table 2) . At visit B, 43 (91%) of 47 women had detectable levels of positive-strand HCV RNA in serum. Rates of detection in the serum compartment were not significantly different between the HCV-monoinfected and the HIV/HCV-coinfected women at either visit. We did not systematically measure levels of negative-strand HCV RNA in the serum compartment. However, of 47 women tested, 34 (72%) had undetectable or negligible levels (!1000 copies/mL) of negativestrand HCV RNA (data not shown). Furthermore, among those women in whom both strands were detected, the ratio of negative-strand:positive-strand HCV RNA in the serum compartment was !1% in both groups, suggesting that there is a vast excess of positive-strand HCV RNA in the serum compartment (data not shown). In contrast, the proportion of negative-strand HCV RNA relative to positive-strand HCV RNA in the PBMC compartment was significantly higher (particularly in the HIV/ HCV-coinfected women), a finding that is consistent with higher rates of HCV replication in the PBMC compartment.
Our findings regarding detection of positive-and negativestrand HCV RNA in the PBMC compartment by the strandspecific rtPCR assay were strongly suggestive of extrahepatic ). The negative-strand HCV RNA detection rate was P p .01 also significantly different in the HCV-monoinfected and the ). Negative-strand HCV RNA was detected in P p .03 the PBMC compartment only when positive-strand HCV RNA was also detected.
Strand-specific HCV RNA levels. Strand-specific HCV RNA levels were determined in the serum and PBMC compartments and, in the latter case, were normalized to the GAPDH copy number (table 3) . Using dilutions of serum samples for which HCV RNA levels had previously been determined (by use of the Roche Amplicor Monitor Kit), we determined that the lower level of detection for the strand-specific rtPCR assay was ∼260 copies/mL. The HIV/HCV-coinfected women had higher positive-strand HCV RNA levels in serum than did the HCV-monoinfected women, both before and after ART initiation (visit A, 3.6 vs. 5.2 log 10 copies/mL [ ]; visit B, 4.4 vs. 5.5 log 10 P p .002 copies/mL [ ]). Because of the low rates of detection of P p .003 HCV RNA in the PBMC compartment, medians could not be defined in several instances; therefore, 75th percentiles are presented in table 3. At visit A, there was no significant difference in either positive-or negative-strand HCV RNA levels in the PBMC compartment between the 2 groups. At visit B, after ART initiation, both positive-and negative-strand HCV RNA levels in the PBMC compartment were higher in the HIV/HCV-coinfected women than in the HCV-monoinfected women, but these differences did not reach statistical significance.
Correlation analyses. We also analyzed potential correlations between specific immunologic parameters and strandspecific HCV RNA levels (table 4). Age and plasma HIV RNA levels were not correlated with either positive-or negativestrand HCV RNA levels in either compartment. CD4 cell count was inversely correlated with positive-strand HCV RNA levels in the serum ( ), but not in the PBMC, compartment. P р .0001 Positive-strand HCV RNA levels in the serum compartment were consistent over time ( ), as were both positive-P ! .0001 and negative-strand HCV RNA levels in the PBMC compartment ( ). However, in the absence of ART, positive-P ! .0001 strand HCV RNA levels in the serum compartment were not correlated with either positive-or negative-strand HCV RNA levels in the PBMC compartment. Between visits, neither positive-nor negative-strand HCV RNA levels in the PBMC compartment were correlated.
DISCUSSION
Researchers have long sought to establish whether HCV replicates outside the liver, because detection of HCV RNA in extrahepatic reservoirs has important implications for transmission, disease progression, and effective treatment. Nonetheless, achieving a definitive demonstration of extrahepatic HCV replication has been limited by several biological and technical considerations. Foremost, the lack of a robust cellculture system has made it exceedingly difficult to compare HCV replication in different cell populations. To date, the dynamics of HCV replication have typically been examined by intensive study of serum-specific or liver-specific HCV RNA; however, viral replication in such extrahepatic reservoirs as PBMCs may not reflect replication in these other compartments. Furthermore, although detection of positive-strand HCV RNA cannot distinguish between nucleic acids participating in replication and those already incorporated into viral particles, detection of replication intermediates, such as negative-strand HCV RNA, is a more biologically relevant measure of active virus replication. Negative-strand HCV RNA is generally present at levels 10-100-fold lower than those of positive-strand HCV RNA [36, 37] ; thus, highly sensitive and specific detection assays must be used. Although distinguishing between positive-and negativestrand HCV RNA is critical, not all strand-specific detection methods have high specificity for detection of negative-strand HCV RNA. Here, we have used a validated strand-specific rtPCR assay that includes the Tth enzyme. Because this enzyme contains separate reverse transcriptase and DNA-dependent polymerase functions, it is highly specific and is ideal for discriminating between positive-and negative-strand RNA [17, 19] .
Although several studies have measured HCV replication in the PBMC compartment, only a subset have used a bona fide Tth-based amplification assay to distinguish between positiveand negative-strand HCV RNA [4, 9, 17, 29, [38] [39] [40] [41] . Our rate of detection of negative-strand HCV RNA in the PBMC compartment was somewhat elevated, compared with the results of these previous studies. Such differences could reflect minor dis-crepancies in the amplification assay, study populations, HCV antiviral receipt, and/or sample preparation. However, it has previously been demonstrated that both HIV coinfection and testing of multiple extrahepatic samples are associated with an increased likelihood of detection of negative-strand HCV RNA [29, 38, 41] . For example, Laskus et al. demonstrated the presence of negative-strand HCV RNA in 5 of 14 PBMC samples from HIV/HCV-coinfected patients [29] . The authors also suggested that factors governing HCV replication at hepatic and extrahepatic sites may differ. Thus, one might anticipate increased detection of negative-strand HCV RNA in a population such as ours, because no participant received HCV antiviral therapy, a high prevalence of HIV coinfection existed, and we tested multiple samples for each participant. It is also theoretically possible that our use of an all-female cohort is responsible for increased detection of negative-strand HCV RNA, although sex-specific detection rates have not been reported to date.
Our study design has several distinct advantages over those of previously published studies. First, to date, most studies of extrahepatic replication have been restricted to a small population analyzed in a cross-sectional, rather than a longitudinal, manner. Second, paired serum and PBMC samples have not usually been analyzed, making intercompartment comparisons difficult. Third, despite clinical data suggesting that HIV adversely affects HCV replication, disease progression, and treatment response rates, HCV-monoinfected and HIV/HCV-coinfected persons have not typically been analyzed as distinct groups. Fourth, not all previously published studies used a strand-specific rtPCR assay that had high strand specificity.
The present study design does have several limitations. First, very low levels of negative-strand HCV RNA were detected in the serum compartments of a subset of women. Because "naked" negative-strand HCV RNAs are not known to circulate outside of cells, we suggest that these very low levels of negative-strand RNA likely represent a small amount of contaminating RNA from residual PBMCs that were not completely removed during the initial processing of whole blood. Second, given the limited number of PBMCs available, we were not able to more precisely define the cell population(s) within PBMCs that are responsible for HCV replication. Nonetheless, there is growing evidence that HCV may infect several peripheral-blood cell types, including B lymphocytes, granulocytes, monocytes/macrophages, and dendritic cells [8, 12, 40] ; it is, however, important to note that each of these previous studies either excluded persons coinfected with HIV or did not report HIV status.
Results from our pilot study should be interpreted with caution, given its limited sample size. Nonetheless, we here report several novel findings regarding extrahepatic HCV replication. First, rates of detection of HCV RNA in the PBMC compartment were higher for HIV/HCV-coinfected women than for HCVmonoinfected women. Previous studies have suggested that serum HCV RNA levels are higher in HIV/HCV-coinfected persons [21] ; however, this phenomenon has not been investigated in the PBMC compartment until now. Importantly, negativestrand HCV RNA, indicative of active viral replication, was detected at higher rates in the PBMC compartments of HIV/HCVcoinfected women, highlighting an important interaction between these 2 viruses in this compartment. Second, there was no correlation between plasma HIV RNA levels and positive-or negative-strand HCV RNA levels in either the serum or PBMC compartment. Moreover, ART initiation appeared to have a minimal effect on HCV detection rates and HCV RNA levels, although, because of the limited number of HIV/HCV-coinfected persons included in the present study, we cannot rule out a possible association. The finding of elevated HCV RNA levels in the serum and PBMC compartments even after ART initiation may suggest that immune reconstitution after suppression of HIV is not sufficient to control HCV replication. Third, there was an inverse correlation between CD4 cell counts and positive-strand HCV RNA levels in the serum, but not the PBMC, compartment (i.e., as the CD4 cell count increased, the serum, but not the PBMC, HCV RNA level decreased). Given that several components of PBMCs may support HCV replication [8, 12, 40] , it is provocative to speculate that the PBMC compartment may be a site in which HCV is partially protected from adaptive and/or innate immune responses. Fourth, there was a positive correlation between positive-and negative-strand HCV RNA levels in the PBMC compartment. However, serum and PBMC HCV RNA levels did not correlate with each other. Thus, HCV RNA may be regulated differently in these compartments.
The precise mechanisms by which HIV influences extrahepatic HCV replication have yet to be determined. It is possible that HIV-induced immunosuppression results in less immunologic control of HCV replication, although reproducible correlations between HCV RNA levels in the serum compartment and CD4 cell counts have not been confirmed [30] . Moreover, the presence of replicative viral forms in extrahepatic sites does not correlate with CD4 cell count [29] . Interestingly, in the present study, HCV RNA levels in the PBMC compartment did not correlate with CD4 cell counts, although positive-strand HCV RNA levels in the serum compartment and CD4 cell counts were inversely correlated. These data imply that immunosuppression alone is not the sole driving force behind increased detection of HCV RNA in the PBMC compartment. It is also possible that HIV, through the induction of interferon antagonists, blunts host innate antiviral responses that would otherwise inhibit HCV replication. HIV may also render specific types of PBMCs more susceptible to HCV infection and replication [41] . In summary, low-level HCV replication in the PBMC compartment, as indicated by detection of negative-strand HCV RNA, may adversely influence the effectiveness of HCV anti-viral therapies [38, 42] , particularly in HIV/HCV-coinfected persons. Furthermore, the PBMC compartment may be a privileged site for HCV that is capable of reinitiating viral replication after termination of HCV treatment, when conditions once again become more favorable. Thus, even if clearance of HCV from hepatocytes is achieved by treatment, reinfection from such extrahepatic sites as the PBMC compartment may occur [43] . Future studies of HCV quasispecies diversification in serum and PBMCs may provide additional evidence that HCV replication-and evolution-is distinct in these compartments and may require targeted therapeutic approaches.
